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ABSTRACT 
The current study is a characterization ofL-leucine absorption across the 
American lobster intestine in order to determine the likelihood of a bis-complex 
formation with zinc ([Leu ]-Zn-[Leu]) as a possible substrate for PEPTl. This study 
required isolated lobster intestines to be mounted in a perfusion chamber in order to 
quantify 3H-L-leucine transport. It was hypothesized that an apical dipeptide transporter, 
PEPTl, was responsible for uptake of L-leucine via formation of a bis-complex with zinc 
([Leu]-Zn-[Leu]) in the form of molecular mimicry, where the bis-complex mimics the 
normal dipeptide substrate of the proposed carrier system. It was found that L-leucine 
transport across the lobster intestine was significantly stimulated by luminal zinc and 
other cations and that this stimulation led to enhanced net flux of the amino acid across 
the intestine compared to its net flux in the absence of these cations. Transmural 
transport ofL-leucine was also significantly stimulated by a variety of organic solutes 
including L-histidine, L-cysteine, and glycylsarcosine (GL Y -SAR) by way of 
countertransport. While many observations in the present study suggest that PEPTl may 
be the carrier system responsible for transmural leucine transport in the presence of zinc, 
other cation-dependent carrier systems, such as the B0 transporter, with strong trans-
stimulation properties, may also be a suitable candidate for leucine transport in the lobster 
intestine. 
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INTRODUCTION 
Protein is an important nutrient source for many organisms and is derived from 
amino acids. Specifically, L-leucine is important because it is an essential amino acid, 
and must be obtained through dietary means for many organisms. Leucine has been 
found to be extremely important in maintaining blood sugar and hormone levels and also 
for muscle growth, repair and maintenance (Lynch et al., 2002; Combaret et al., 2005; 
Lynch et al., 2006; Doi et al., 2007). Amino acid transport in vertebrates takes place 
primarily in the small intestine, while in crustaceans these solutes are transported 
primarily in the hepatopancreas, with the intestine playing a secondary role (Fiandra et 
al., 2006). In vertebrates, amino acids have been found to be transported by a wide 
variety of plasma membrane carrier proteins. 
Leucine is a zwitterionic amino acid at neutral pH, and can be transported by 
several distinct transport systems in vertebrates. A number of sodium-dependent leucine 
transporters have been characterized. System A is a proton-sensitive system that 
primarily transports small amino acids and is capable of trans-inhibition (Palacin et al., 
1998). System ASC, is a widespread transport system that is capable of trans-stimulation 
(Palacin et al., 1998). System B0 is a broad specificity system, found in brush border 
membranes, which is responsible for transport of most neutral amino acids (Palacin et 
al., 1998; Verrey et al., 2003). Likewise, system B0 ' +is another broad specificity system, 
which is responsible for transport of neutral and dibasic amino acids (Palacin et al., 
1998; Verrey et al., 2003). 
10 
Another sodium-dependent amino acid carrier includes the excitatory amino acid 
carrier (EAACl), which is a carrier that co-transports one proton (or potassium ion), 
three sodium ions and one anionic amino acid into the cell from the brush border 
membrane (Thwaites and Anderson, 2007). EAACl is a high affinity transport system 
that has also been found to support transport of zwitterionic amino acids without 
intracellular acidification, since the zwitterionic amino acid does not deprotonate 
(Thwaites and Anderson, 2007). In crustaceans, one sodium and two chloride ions were 
found to be co-transported with L-leucine in an electroneutral manner at the acidic pH of 
hepatopancreatic tubules where the amino acid is protonated and carries a positive charge 
(Ahearn and Clay, 1988). Sodium independent systems also exist. 
Sodium independent transport systems include Systems L, l, lL, and PAT 
(Palacin et al 1998; Verrey et al 2003; Thwaites and Anderson, 2007). System Lis 
thought to exchange extracellular neutral amino acids for intracellular amino acids by 
using a HAT (heterodimeric amino acid transporter) protein called LATl (L-type amino 
acid transporter-!) (Verrey et al., 2003). In this system, intracellular neutral amino 
acids are likely provided by a sodium-dependent transporter, such as System A, and 
exchanged for extracellular amino acids with bulky side chains or bicyclic amino acids 
(Palacin et al., 1998; Verrey et al., 2003). LATl is a system with broad substrate 
specificity, in which the concentration of intracellular amino acids greatly affects the 
transport rate of the extracellular amino acids (Verrey et al., 2003). Also, this system is 
thought to be responsible for the relative amino acid equilibrium between the 
extracellular and intracellular environments (Verrey et al., 2003). 
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System y+ is an electrogenic, sodium-independent transporter that transports 
cationic amino acids with a high affinity, while transporting neutral amino acids in an 
electrogenic, sodium-dependent manner with a low affinity (Palacin et al., 1998). 
System lL is similar and transports cationic amino acids in a sodium-independent 
manner and neutral amino acids in a sodium-dependent manner with a high affinity 
(Palacin et al., 1998). However, when sodium is absent from the external buffer, neutral 
amino acid transport by System lL occurs with a very low affinity (Palacin et al., 1998). 
Systems, y+ and lL, are capable of trans-stimulation and in system lL heteroexchange is 
thought to assist the transport process (Palacin et al., 1998). Specifically, the sodium 
gradient used by the influx of zwitterionic amino acids with sodium provides a driving 
force for the anti port of cationic amino acids out of the cell and against their membrane 
potential (Palacin et al., 1998). System PAT is a proton-dependent, rheogenic amino acid 
transporter, which in its cloned form is known as PAT1 (Thwaites and Anderson, 2007). 
PAT1 is similar to PEPT1 (a dipeptide transporter) in that it is a low affinity, high 
capacity transporter which has broad substrate specificity and can transport a wide range 
of nutrients and drugs (Thwaites and Anderson, 2007). Some of the nutrients PAT1 is 
capable of absorbing includeD- and L-imino acids (Thwaites and Anderson, 2007). 
Similarly, PEPT1 exhibits many of the same characteristics, except that it transports a 
wide range of di/tripeptides versus single amino acids (Thwaites and Anderson, 2007). 
As previously stated, PEPT1 is a low affinity, high capacity, proton dependent, 
rheogenic, peptide transporter that has broad substrate specificity (Thwaites and 
Anderson, 2007). 
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It is believed that in vertebrates the proton gradient for PEPT1 and other proton-
dependent transport systems is supplied by a Na+/H+ exchanger using the transmembrane 
sodium gradient to drive hydrogen ions out of the cell for symport with entering peptides. 
In crustacean gastrointestinal and renal cells, the N a+ IH+ exchanger has been identified as 
an electrogenic 2Na+/1H+ antiporter with some properties that differ from those exhibited 
by the analogous vertebrate transporter (Ahearn and Franco, 1990; Ahearn, 1996). The 
crustacean exchanger accepts calcium and zinc ions in place of sodium ions, thus also 
providing the proton gradient required for various transport systems (Ahearn and Franco, 
1990, 1993; Zhuang et al., 1995; Ahearn, 1996; Ahearn and Zhuang, 1996; Watanabe 
et al., 2005). 
Interactions between amino acids and cations during transport across membranes 
have been extensively studied in vertebrates. For example, it was found that zinc was 
taken up by rat and human erythrocytes in a stereo-selective, dose-dependent, manner in 
the presence of increasing concentrations of extracellular histidine, and it was suggested 
that, under these conditions, zinc formed a bis-complex ([His]-Zn-[His]) with L-histidine 
(Hornet al., 1995). More recently, it was found that there was a higher transport affinity 
for this bis-complex than for the separate bis-complex ion and amino acid components, in 
erythroid precursor cells, which would require more nutrients for metalloprotein 
synthesis (Oakley et al., 2004). Furthermore, erythrocytes and erythroleukaemic cells 
were found to have a higher transport affinity for manganese-histidine complexes verses 
complexes with other metals (Oakley et al., 2004). Mechanisms of zinc transport were 
studied in pig intestine, in which zinc uptake was found to be stimulated by low 
concentrations of a tripeptide (Tacnet et al., 1993). These authors similarly suggested 
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complex formation of the tripeptide with zinc as the suitable substrate for the peptide 
transporter (Tacnet et al., 1993). 
Interactions between metals and amino acids have also been studied in 
invertebrate and fish systems (Monteilh-Zoller et al., 1999; Glover and Hogstrand, 2002; 
Glover et al., 2003; Conrad and Ahearn, 2005; Conrad and Ahearn, 2007; Glover and 
Wood, 2008). Early work with L-proline showed that zinc enhanced the uptake of the 
amino acid through the IMINO system carrier (Monteilh-Zoller et al., 1999) More 
specifically, it was suggested that L-proline formed a complex in solution that was more 
readily accepted by the IMINO system, than the single amino acid (Monteilh-Zoller et al., 
1999). It was proposed that zinc behaved as allosteric activator of the transporter by 
binding to an apparent activator site on the IMINO carrier, enhancing its transport 
capacity as a result (Monteilh-Zoller et al., 1999). 
Zinc is an important dietary metal for many organisms and plays a role in various 
physiological processes, such as catalytic protein processes, structure, growth, 
development, immune and reproductive function (Bury et al., 2003 and Glover et al., 
2003). Studies with fish have shown that zinc transport is enhanced by the presence ofL-
histidine or L-cysteine in solution, either by chelating to the amino acids in solution or 
possibly through a facilitating action of the amino acids on the zinc carrier (Glover and 
Hogstrand, 2002; Glover et al., 2003). Furthermore, studies in fish have shown histidine 
transport to be greatly enhanced in the presence of copper, with a copper-histidine 
complex being the proposed substrate of transport (Glover and Wood, 2008). 
In the American lobster, Homarus americanus, it was suggested that PEPT1 is 
responsible for transport of amino acids, specifically L-histidine, via formation of a bis-
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complex with zinc (Conrad and Ahearn, 2005 and Conrad and Ahearn, 2007). Further 
studies with the American lobster have shown L-leucine to inhibit the transport of 
glycylsarcosine (GLY-SAR), a known substrate ofPEPTl, but only in the presence of 
zinc (Conrad and Ahearn, 2005). Since it was concluded that L-histidine formed a his-
complex in solution with zinc, it was proposed that perhaps L-leucine also may form a 
his-complex in solution with zinc, thereby explaining the inhibition of GL Y -SAR by 
leucine (Conrad and Ahearn, 2005), and providing a rationale for the present study. 
Although L-leucine is zwitterionic at a neutral pH, its carboxyl group may account for 
complex formation with cations, such as zinc. The current study, therefore, is a 
characterization of the transport ofL-leucine across the American lobster intestine and a 
determination of the likelihood of its use ofPEPTl as his-complexes with zinc. Findings 
presented here indicate that L-leucine transport across the lobster intestine is significantly 
stimulated by luminal zinc and other cations and that this stimulation leads to enhanced 
net flux of the amino acid across the intestine compared to its net flux in the absence of 
these cations. While a number of observations in the present study suggest that PEPTl 
may be the transport agent responsible for transmural leucine transport in the presence of 
zinc, other cation-dependent carrier systems, such as the B0 transporter, with strong trans-
stimulation properties, may also be a suitable candidate for leucine transport in the lobster 
intestine. 
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MATERIALS AND METHODS 
Live, male American lobsters, Homarus americanus, weighing approximately 
0.5kg each, were kept at l5°C filtered saltwater and fed frozen mussel meat a few times a 
week for dietary maintenance. In order to investigate in vitro transmural mucosal to 
serosal (MS) movement of L-leucine in the lobster intestine, the anterior intestine of a 
live lobster was canulated, flushed, and ligated onto 18-20 gauge stainless steel needles 
and fastened with surgical thread (Ahearn and Maginniss, 1977). The steel needles were 
supported in a bath chamber, in which a peristaltic pump, at a flow rate of 0.380mL/min 
was used to pump experimental perfusate through the lumen of the intestine (Figure 1 ). 
The experimental perfusate contained radioactively labeled 3H-L-leucine and unlabelled 
L-leucine or other chemicals that were added and manipulated as needed. Triplicate 
200!-LL samples of the chamber medium were taken every five minutes during each 
experiment, in which samples were replaced with equal amounts of physiological saline. 
Each sample was added to 3 ml scintillation cocktail (Scinti-Vase) and evaluated for 
radioactivity in a Beckman LS6500 scintillation counter. 
Additionally, in vitro transmural serosal to mucosal (SM) movement of L-leucine 
across the anterior lobster intestine was investigated, in which the serosal medium 
contained 3H-L-leucine and other experimental solutes. In order to quantify L-leucine 
movement, radioactive samples leaving the intestinal lumen were collected every five 
minutes during the experiment into scintillation tubes containing 3 ml of Scinti-Vase. All 
sample tubes were analyzed for radioactivity as previously described. 
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Figure 1: Perfusion set-up based on study by Ahearn and Maginniss (1977). 
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Physiological saline that approximated the osmolarity and constitution of lobster 
hemolymph was used. The salt concentrations included: 420 mM NaCl, 25 mM CaCh, 
10 mM KCl, 8.4 mM Na2S04, and 30 mM HEPES. The physiological saline was 
incubated at 950 mOsmoles/kg with an adjusted pH of 7 .1. In order to determine the 
effect of sodium on MS L-leucine uptake, the physiological saline was adjusted to 
contain variable concentrations of both choline chloride and NaCl with the total 
concentration of each resulting solution being 420 mM. For determination of the effect 
of other solutes, such as zn+2 or Ca+2, on MS L-leucine uptake, the concentration of the 
test solute was varied in the mucosal perfusate as needed. Conversely, to determine the 
effect of solutes on SM L-leucine transport, the solutes were varied in the saline solution 
bathing the intestine on the serosal surface. 
Proton concentration and its effect on MS L-leucine uptake was investigated, in 
which the pH of the mucosal medium was varied over an extended incubation period. 
Also, in an attempt to determine the likelihood of pH importance in the nutrient uptake 
process, the pH of intestinal contents in five different lobsters was measured and found to 
be acidic (data not shown). As a result of these findings, some experiments were created 
to closely match physiological conditions, in which a pH gradient existed between the 
neutral serosal side (pH 7.1) of the intestine and the acidic mucosa (pH 5. 5). 
In order to calculate the transmural flux rate of L-leucine, the diameter and length 
of the experimental intestine was used to calculate intestinal surface area "A" using the 
following equation: A = n: d 1, where "d" equaled the diameter and "1" equaled the length 
of the available intestine. 
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Net radioactive counts of 3H-L-leucine were measured by subtracting background 
counts per minute (cpm) from measured cpm of samples evaluated in the scintillation 
counter. Specific activities of radioactive samples (e.g., cpm/mole L-leucine) were used 
to estimate amino acid fluxes across the tissue in moles per unit of incubation time. L-
leucine flux rates were expressed in pmoles/cm2 x min and were determined by averaging 
triplicate bath samples during each experimental time period, while taking into account 
intestinal surface area and the other parameters previously described. Linear regression 
and curve fitting analyses were performed using Sigma Plot 10.0 software (Systat 
Software Inc., Point Richmond, CA, USA). 
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RESULTS 
Effect of Ions 
Increasing concentrations of various ions were investigated in regards to their 
effect on transmural 3H-L-leucine transport over time. The following four experiments 
were performed with a neutral pH of 7.1 on both mucosal and serosal sides of the 
intestine, in order to reduce potential effects of a proton gradient. Figure 2 shows the 
effect of increasing mucosal zinc on unidirectional transmural MS 20 f.l,M 3H-L-leucine 
transport over time. Conversely, Fig. 3 shows the effect of increasing serosal zinc on 
unidirectional transmural SM 20 f.tM 3H-L-leucine transport over time. The slopes of the 
time course curves in Figs. 2 and 3 were used to determine the kinetics of zinc-stimulated 
L-leucine transport, which are displayed in Fig. 4. Together, Figs. 2, 3 and 4 show that 
increased zinc enhances both MS and SM 3H-L-leucine transport in a hyperbolic manner, 
with the net flux ofL-leucine flowing hyperbolically in the MS direction (Fig. 4), 
determined by subtracting SM L-leucine transport from MS L-leucine transport. 
The effect of increasing mucosal calcium chloride on MS 3H-L-leucine transmural 
transport was a hyperbolic function of luminal calcium concentration, similar to that 
previously described for increasing luminal zinc concentration (Fig. 5). Increasing 
luminal sodium concentration also increased MS 3H-L-leucine transmural transport in a 
hyperbolic fashion (Fig. 6). Figure 7 shows that increasing luminal chloride 
concentration increased MS 3H-L-leucine transmural transport in a hyperbolic manner as 
well. Comparison of the effects of ions on MS 3H-L-leucine transmural transport is 
presented in Table 1, which shows sodium to have the highest transport velocity and zinc 
to have the lowest transport velocity. 
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Figure 2: Time course experiment showing the effect of increasing mucosal zinc on 
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are also reported for each concentration of zinc. No pH gradient present. 
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transmural transport. Symbols are means ± 1 SEM of triplicate samples. No pH 
gradient. Jmax =56 pMol/cm2 x min (P = 0.01); Km = 0.32 mM chloride (P = 0.9) 
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Table 1: Comparison of the effects of ions on the transport kinetic constants of MS 
20 J.tM 3H-L-leucine transmural transport. 
Jmax 
Ion (pMol/cm2xmin) Km 
Zinc 40 ± 0.7 0.73 ± 0.1 11M 
Calcium 84± 1 6.6±0.4mM 
Sodium 100 ± 8 7.5±2mM 
Chloride 56± 10 0.32 ± 0.2 11M 
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In addition, this table shows that the L-leucine transporter displayed the highest transport 
affinities (Km) for zinc and chloride and the lowest affinities for sodium and calcium. 
The effect of protons on MS 3H-L-leucine transmural flux was investigated by 
varying luminal pH from 6.0 to 8.0 and measuring amino acid flux to the bath which had 
a constant pH of7.1 (Fig. 8). The data showed that increasing luminal pH, from 6.0 to 
8.0, had an inhibitory effect on MS 3H-L-leucine transmural transport. In other words 
MS 3H-L-leucine transport was enhanced with a higher concentration of mucosal protons. 
Furthermore, samples of luminal contents from living animals were found to be slightly 
acidic (data not shown). These data together, suggest that the lobster intestine maintains 
a transmural pH gradient, with acidic mucosal contents and neutral serosal hemolymph. 
L-Leucine Transport Kinetics 
Transport kinetics of L-leucine were investigated with (serosa =pH 7.1; mucosa = 
pH 5.5), and without a transmural pH gradient (serosa= pH 7.1; mucosa= pH 7.1), due 
to the previous findings regarding luminal pH (Fig. 9). In both cases, increasing luminal 
L-leucine concentration was associated with an increase in MS 3H-L-leucine transmural 
transport in a sigmoidal manner. However, the presence of an acidic luminal pH was 
associated with a transport velocity much higher than that of the neutral luminal pH. It is 
of interest that both experiments were performed with summer animals. Further transport 
kinetic experiments were performed with an acidic luminal pH in order to mimic the 
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previous findings. Additionally, the effects of cis-zinc on the transport kinetics of L-
leucine were determined (Fig. 1 0). 
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Figure 10: Effect of increasing luminal [L-leucine] on MS and SM 3H-L-leucine 
transmural transport, with and without cis-zinc (25 J.tM) present. Proton gradient 
present (pH lumen= 5.5; pH serosa= 7.1). Symbols are means± 1 SEM of triplicate 
replicates. Note: Spring animals used. 
MS + Zn: Imax = 1633 pMol/cm2 x min (P = 0.0002); Km = 4.7 mM Leu (P = 0.0006); 
Hill= 1.6 (P = 0.0003) 
MS- Zn: Jmax = 1285 pMol/cm2 x min (P = 0.006); Km = 6.6 mM Leu (P = 0.01); Hill= 
1.8 (P = 0.004). 
SM diffusion+ Zn: Diff= 38 +/- 5.0 (P<0.0001) pmol/cm2 x minx mMolleucine 
SM Diffusion- Zn: Diff= 82 +/- 2.0 (P<0.0001) pmol/cm2 x minx mMolleucine 
31 
Mucosal to serosal transmural transport of 3H-L-leucine resulted in a sigmoidal 
relationship with an enhanced transport velocity in the presence of luminal zinc. Serosal 
to mucosal transmural transport of 3H-L-leucine was determined to be linear in both the 
presence and absence of serosal zinc, with the flux in the absence of zinc being greater 
than the flux with zinc present (Fig. 1 0). Interestingly, all spring animals were used for 
this set of experiment; however, when the MS flux with zinc from Fig. 9 (summer 
animals) is compared to the rest of the data from Fig. 10 (spring animals), it is apparent 
that a much higher transport velocity was achieved for animals during the summer (Fig. 
11). Finally, another experiment investigating the transport kinetics ofL-leucine did not 
utilize zinc, calcium or a pH gradient (Fig. 12). In this experiment, which contained only 
sodium in the perfusate, MS transport of 3H-L-leucine was still found to be sigmoidal. 
Trans Stimulation of L-Leucine 
In order to deduce whether L-leucine could be using a counter transport carrier, 
SM 3H-L-leucine transmural transport was measured before the addition of mucosal L-
histidine (Fig. 13), in which no pH gradient was present. Upon the addition of 20 ~-tM 
mucosal L-histidine, it was found that SM 3H-L-leucine transmural transport was 
enhanced. Furthermore, upon the addition of increased mucosal L-histidine (500 ~-tM), 
SM 3H-L-leucine transmural transport was significantly enhanced even further. 
Similarly, upon the addition of20 ~-tM mucosal L-leucine, it was found that SM 3H-L-
leucine transmural transport was enhanced (Fig. 14). Increasing mucosal L-leucine to 
500 ~-tM further enhanced the SM 3H-L-leucine transmural transport. 
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Figure 11: Effect of increasing luminal [L-leucine] on MS and SM 3H-L-leucine 
transmural transport, with and without cis-zinc (25 J.tM) present. Proton gradient 
present (pH lumen= 5.5; pH serosa= 7.1). Symbols are means± 1 SEM of triplicate 
replicates. All experiments were performed in the spring, except for the MS flux 
with zinc, which was performed in the summer. 
Summer MS + Zn: Jmax= 5120 pMol/cm2 x min (P = 0.0007); Km = 1.8 mM Leu (P = 
0.004); Hill= 3.1 (P = 0.003) 
Spring MS + Zn: Jmax = 1633 pMol/cm2 x min (P = 0.0002); Km = 4.7 mM Leu (P = 
0.0006); Hill= 1.6 (P = 0.0003) 
Spring MS- Zn: Jmax = 1285 pMol/cm2 x min (P = 0.006); Km = 6.6 mM Leu (P = 
0.01); Hill= 1.8 (P = 0.004). 
Spring SM diffusion+ Zn: Diff= 38 ± 5.0 (P<0.0001) pmol/cm2 x minx mMolleucine 
Spring SM Diffusion- Zn: Diff= 82 ± 2.0 (P<0.0001) pmol/cm2 x minx mMolleucine 
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Transmural MS 3H-L-leucine transport was a hyperbolic function of luminal L-
cysteine concentration (Fig. 15). Figures 16 and 17 similarly show transmural MS 20 j.!M 
3H-L-leucine transport to be hyperbolic functions ofluminal GLY-SAR and L-histidine 
concentrations, respectively. Table 2 illustrates a comparison ofMS 20 j.!M 3H-L-leucine 
transmural transport kinetic constants from the three studies, in which L-cysteine was 
found to increase MS 3H-L-leucine transport with the highest binding affinity and lowest 
transport velocity compared to the other substrates tested. Alternatively, GL Y -SAR was 
found to increase MS 3H-L-leucine transport with the lowest binding affinity and an 
intermediate maximal transport velocity compared to the other substrates tested. 
L-histidine increased MS 3H-L-leucine transport with an intermediate binding affinity 
and highest maximal transport velocity. 
Another experiment was performed to illustrate trans-stimulation, in which 50 j.!M 
3H-GLY-SAR MS transport was measured (Fig. 18). There was no significant effect on 
MS 3H-GL Y -SAR transmural transport when 20 j.!M zinc alone was added to the 
perfusate. However, there was a significant enhancement of MS 3H-GL Y -SAR 
transmural transport when 20 j.!M L-leucine was added to the zinc-containing perfusate. 
Additionally, cis-inhibition was demonstrated in Fig. 19, which showed that 25 j.!M 
mucosal zinc significantly enhanced 20 j.!M MS transmural 3H-L-leucine transport and 
that mucosal zinc and 100 j.!M mucosal GLY-SAR together significantly decreased 20 
j.!M MS transmural 3H-L-leucine transport to a value lower than that of the control flux. 
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Table 2: Comparison of the effects of amino acids and a dipeptide on the transport 
kinetic constants of MS 20 ,_.,M 3H-L-leucine transmural transport. 
Jmax 
Amino Acid (pMol/cm2xmin) Km 
L-Cysteine 0.23 ± 0.1 30 ± 0.40 ~M 
GLY-SAR 8±2 634 ± 319 ~M 
L-histidine 17 ± 2.3 177 ±54 ~M 
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DISCUSSION 
Previous studies have indicated the possibility ofbis-complex formation with L-
leucine and zinc because in the presence of zinc, L-leucine was found to inhibit GL Y-
SAR transport, which is a substrate ofPEPTl (Conrad and Ahearn, 2005). This is the 
reason for the present study, which was to determine ifL-leucine and zinc can form a his-
complex ([Leu]-Zn-[Leu]) in solution, and act as a competitive inhibitor ofPEPTl 
substrates. Additionally, it was the aim of the study to characterize L-leucine transport in 
the American lobster intestine and deduce the effects of zinc on the unidirectional and net 
fluxes of the amino acid across the organ. L-leucine transport in the current study was 
found be transported by a cation-dependent apical exchanger, which can accept metals, 
such as zinc. Luminal zinc significantly increased the mucosal to serosal (MS) flux of 
3H-L-leucine without effect on the serosal to mucosal (SM) flux, thereby enhancing the 
net movement of the amino acid across the intestine compared to its net flux in the 
absence of the metal. In this study, additional aspects ofL-leucine transport were 
investigated, including the effects of various ions, transport kinetics, and interactions with 
other amino acids. 
Effect of Ions 
Zinc, calcium, chloride, sodium, and protons, were examined to determine their 
independent effects on L-leucine transport in the lobster intestine. First, the effect of zinc 
was studied, in which the unidirectional and net fluxes ofL-leucine were determined to 
be a hyperbolic function ofluminal zinc (Figure 2, 3, 4). These observed hyperbolic 
effects of zinc suggest that L-leucine transport to the blood is mediated by at least one 
44 
carrier protein that is stimulated by the metal. Regarding the possible role of zinc, it has 
been previously shown that conjugates form between amino acids and metals in solution 
and that these conjugates may be transported across membranes by distinct transport 
systems in both vertebrates and invertebrates (Conrad and Ahearn, 2005; Conrad and 
Ahearn, 2007; Glover and Hogstrand, 2002; Glover et al., 2003; Glover and Wood, 2008; 
Hornet al., 1995; Monteilh-Zoller et al., 1999; Oakley et al., 2004; Tacnet et al., 1993; 
Zalups and Barfuss, 2002). The widespread occurrence of this phenomenon suggests that 
such a [Leu]-Zn-[Leu] conjugate maybe involved with the transport ofL-leucine across 
the lobster intestine in the present study. Previously, in lobster intestine, it was proposed 
that zinc and L-histidine formed a his-complex ([His]-Zn-[His]) and utilized the PEPT1 
dipeptide transport system, taking advantage of the broad substrate specificity of this 
specific carrier and the apparent molecular mimicry that occurs by an amino acid-metal 
conjugate mimicking natural dipeptide substrates (Conrad and Ahearn, 2005). It was also 
found that L-leucine, in the presence of zinc, inhibited the transport ofthe [His]-Zn-[His] 
his-complex (Conrad and Ahearn, 2005). This evidence, combined with the present 
findings of zinc-enhanced L-leucine transport, provide strong support that zinc and L-
leucine may also be forming a his-complexes in solution, possibly on the carboxyl groups 
ofL-leucine, and that these complexes act as competitive inhibitors ofPEPT1 carrier 
substrates. 
Next, calcium, sodium, and chloride ions were investigated independently with 
regards to their effects on MS L-leucine transmural transport and all ions were found to 
effect L-leucine transport in a hyperbolic manner (Figures 5, 6, & 7), again suggesting 
carrier mediated transport. There are two possible ways to account for the effects of 
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these ions on L-leucine transport: 1) Each ion may be co-transported across the tissue 
with the amino acid; or 2) The ions may be acting as allosteric activators ofL-leucine 
transport without themselves being transported. In either case, the data in Figs. 5, 6, and
7 indicate that the ions displayed different binding affinities (dissimilar Km-values) for L-
leucine transport and differences observed in amino acid transport in each experiment 
may be related to the relative ease by which the enhancing ion associates with the 
transporter. 
Upon analysis of the apparent binding affinities and transport velocities (Table 1), 
L-leucine transport in variable zinc, sodium or calcium displayed maximal transport 
velocities that were only different from each other by a factor of two, whereas the Km 
affinity constants were dissimilar by four orders of magnitude with L-leucine transport in 
zinc illustrating the greatest apparent binding affinity and amino acid transport in sodium 
demonstrating the least apparent affinity. These data suggest that normally low dietary 
concentrations of metals (in the ~-tM or lower concentration range) would have a greater 
stimulatory effect on L-leucine transport than would occur by either sodium or calcium, 
which are present at much higher concentrations. Under normal dietary conditions, all 
three cations may compete for the ion binding site on the L-leucine transporter and due to 
its very low Km-value, if zinc is in the diet, it would be the cation most likely to associate 
with the amino acid transporter. 
L-leucine uptake was enhanced by increased luminal protons (Fig. 8), providing 
evidence for a transport system that favors a proton gradient, or is allosterically activated 
by protons. This was also seen in the study by Conrad and Ahearn (2005), which found 
that when luminal pH of the lobster intestinal decreased, L-histidine transport in the 
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presence of zinc was enhanced, possibly by use ofPEPT1. These findings, combined 
with the current findings of a favored proton gradient, provide additional support for the 
possible use ofPEPT1 by L-leucine as a his-complex. The proton gradient is used by 
PEPT1 in the co-transport of the dipeptide (Thwaites and Anderson, 2007); however, as 
suggested above, another possibility in the lobster intestine is that the proton is acting as 
an allosteric activator ofL-leucine transport on an amino acid carrier. 
The establishment of a proton gradient in vivo is likely due to the functioning of 
an electrogenic 2Na+;nr exchanger, which is an analog of the vertebrate electroneutral 
NHE . The invertebrate system accepts a wide variety of substrates in contrast to the 
very conserved specificity exhibited by the vertebrate exchanger (Ahearn and Franco, 
1990, 1993; Zhuang et al., 1995; Ahearn and Zhuang, 1996; Ahearn, 1996; Watanabe 
et al., 2005). This transporter exchanges intracellular protons for extracellular sodium; 
however, intracellular sodium is able to replace intracellular protons during the exchange 
process. Metals, such as calcium and zinc, have also been found to utilize this 
electrogenic antiporter by replacing extracellular sodium ions. These previous studies 
may help explain some of the effects of various ions on L-leucine transport in the 
crustacean intestine, as it has been found that expression of an Na+/H+ exchanger (NHE3, 
a NHE homologue) enhances GL Y -SAR uptake in human embryonic kidney cells via 
PEPTl (Watanabe et al., 2005). 
Aside from PEPT1, another possible transport system that may be able to 
transport L-leucine and be responsible for the results displayed in the present 
investigation is System A, which is a proton-sensitive, sodium-dependent, neutral amino 
acid carrier found on the brush border (Fiandra et al., 2006; Palacin et al., 1998). System 
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A has been found to be active only at luminal pHs between 6.0 and 8.0 (Fiandra et al., 
2006), which was the range tested in the present study. The hyperbolic nature of sodium 
on L-leucine uptake would suggest a sodium-dependent system for which System A 
would be a possible L-leucine transporter candidate (Fiandra et al., 2006; Palacin et al., 
1998). Little, however, is known regarding the optimal pH for the System A transporter, 
so additional studies would be required to provide evidence for such transport. 
The EAACl may be another possible candidate for proton-enhanced L-leucine 
transport by the lobster intestine. As previously mentioned, EAACl is a high affinity 
carrier that co-transports protons (or potassium), sodium, and amino acids (Thwaites and 
Anderson, 2007). Although this system prefers anionic amino acids, it may also accept 
zwitterionic amino acids, such as L-leucine (Thwaites and Anderson, 2007). This model 
would not only explain the stimulatory effect of protons on L-leucine uptake, but may 
also help explain the stimulatory effect of sodium. 
Alternatively, B 0 or Bo,+ transport systems may be responsible for L-leucine 
transport in the lobster, as both are broad specificity zwitterionic amino acid transporters, 
and are sodium-dependent and non-sodium-dependent, respectively (Palacin et al., 1998). 
L-leucine Transport Kinetics 
Since increased luminal protons were found to enhance L-leucine uptake, 
transport kinetics in summer lobsters were investigated with and without a pH gradient 
for comparison (Fig. 9). The resulting sigmoidicity suggests carrier mediated transport of 
L-leucine, in which MS transport of leucine was further enhanced with the presence of a 
pH gradient. These results support the concept of a proton-dependent uptake of the 
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amino acid by a carrier. Furthermore, the Hill coefficient without a proton gradient 
present was approximately three, while the Hill coefficient with a proton gradient present 
was approximately two, in which this transport stoichiometry means that moreL-leucine 
molecules may have been transported in the presence of the pH gradient than in its 
absence. The transport stoichiometry may indicate the formation and transport of L-
leucine complexes or it may just indicate the binding and transport of multiple 
independent L-leucine molecules. Regardless of the transport form, a proton gradient 
seems to be an activating component in the enhancement of the amino acid, in which 
luminal protons may be binding to a proton transport site on the carrier or may be acting 
as an allosteric activator of the system. It has been previously suggested that the 
electrogenic 2Na+/1H+ is a likely candidate for the maintenance of the proton gradient in 
the lumen (Ahearn, 1996), which may be supported with limited data that show the 
American lobster intestinal contents to be slightly acidic. 
The net flux ofL-leucine in spring lobsters was determined in the presence and 
absence of cis-zinc (Figs. 10, 11). Additionally, a proton gradient was used for these 
kinetics experiments in order to mirror the most likely in vivo scenario. Serosal to 
mucosal (SM) transmural transport ofL-leucine was a linear function of amino acid 
concentration on the bath side of the preparation, indicative of diffusion and interestingly 
the rate of diffusion was higher in the absence of zinc. Therefore, it is speculated that 
zinc may hinder diffusion by blocking paracellular transport of the amino acid. Mucosal 
to serosal (MS) transmural transport ofL-leucine was a sigmoidal function ofluminal 
amino acid concentration, indicative of carrier-mediated transport. A Hill coefficient of 
two in the presence and absence of cis-zinc indicates that two L-leucine molecules were 
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transported per carrier in either situation. This finding is of particular significance in the 
presence of zinc because it indicates that for every zinc ion, two leucine molecules are 
transported and this provides further evidence for the use ofPEPT1. This transport 
stoichiometry supports the idea ofbis-complex formation ([Leu]-Zn-[Leu]) as a possible 
substrate for the broad substrate specificity ofPEPTl. 
Net transmural transport ofL-leucine was in the MS direction, which suggests 
that there is a net absorption ofL-leucine under the tested conditions. Comparison of 
kinetics of L-leucine between spring and summer animals shows that summer animals 
undergo an increase in the net flux ofL-leucine (Figs. 10, 11). It was found that zinc 
stimulates net L-leucine absorption at both times ofthe year; however, in summer 
animals the effect is greater. Seasonal effect oftranspmier activity has been previously 
described in lobster intestine, in which it was found that TEA+ transport was enhanced 
and carrier-mediated in summer animals, while in winter animals the transport was 
significantly lower and occurred only by way of diffusion (Piersol et al., 2007). 
Transport kinetics without the effects of calcium, protons, or zinc were also 
investigated and found to be sigmoidal (Fig. 12). Sodium, chloride, and potassium were 
the only remaining ions in the buffer, while the Hill coefficient remained at 
approximately two, indicating that sodium likely plays a role in the carrier-mediated 
uptake ofL-leucine where two L-leucine are transported per sodium and per carrier. This 
presents the possibility of a sodium-dependent carrier, which can transport more than one 
L-leucine at a time. 
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Trans Stimulation of L-Leucine 
In order to better characterize the method ofL-leucine transport in the lobster 
intestine, the effects ofL-histidine, L-cysteine, and GLY-SAR on L-leucine transmural 
transport were investigated. Figures 13 and 14 indicate that trans-stimulation is a 
mechanism by which L-leucine may be transported into the blood. These figures provide 
evidence for an amino acid antiporter that will exchange extracellular L-leucine for 
intracellular L-cysteine, L-histidine or GL Y -SAR. 
Next, L-cysteine, GLY-SAR, and L-histidine were investigated independently 
with regards to their effects on MS L-leucine transmural transport and all substrates were 
found to effect L-leucine transport in a hyperbolic manner (Figs. 15, 16, & 17). The 
stimulatory effect from the amino acids and dipeptide show that L-cysteine, GL Y -SAR 
and L-histidine may use unoccupied L-leucine carriers or separate transporters to enter 
the cell; however, once inside the cell, these different substrates are then free to exchange 
with luminal L-leucine by antiport (i.e. countertransport) with the L-leucine carrier, 
thereby enhancing the transmural transport rate ofluminal L-leucine. Since mucosal 
zinc alone was determined to have no significant effect on MS GL Y -SAR uptake and 
mucosal L-leucine plus zinc was found to significantly enhance GLY-SAR uptake, it was 
determined that GLY-SAR was also trans-stimulated by intracellular L-leucine (Fig. 18). 
Finally, Fig. 19 shows that MS L-leucine transport in the presence of mucosal zinc was 
significantly decreased upon the addition of 100 J.LM luminal GL Y -SAR, providing 
evidence for cis-inhibition. These findings indicate that a broad specificity transporter, 
which includes dipeptides as substrates, is responsible for the transport ofL-leucine on 
the brush border of the lobster epithelial cells of the intestine. 
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While B 0 , Bo,+ and EAAC1 are excellent candidates for L-leucine transport, the y+ and 
y+L transport systems are also possible candidates due to their strong ability for trans-
stimulation (Palacin et al., 1998). Future molecular studies, such as cloning or sequence 
analysis, should be performed in order to accurately determine the specific carriers 
responsible for transmural L-leucine transport in lobster intestine. 
Working Model 
Figure 20 presents a working model of transmural transport of 3H-L-leucine 
across an intestinal cell of the lobster based on the physiological results obtained in the 
present investigation. This model proposes SM paracellular transport of L-leucine and 
suggests brush border, carrier-mediated, MS transport of two L-leucine molecules (Fig. 
10) that require zinc, calcium, sodium or protons for their transport, since MS L-leucine 
transport was enhanced in the presence of these independent ions (Figs. 4, 5, 6, 7, and 8). 
As previously discussed, the mechanism by which these cations support L-leucine uptake 
by the intestinal cell is unknown; however, three possible mechanisms are supported by 
the present research: 1) cations may be co-transported with the amino acid; 2) cations 
may act allosteric activators of the transporter; 3) or cations may be forming a conjugate 
with the amino acid, as an acceptable substrate by the carrier. 
This model supports the possibility ofMS L-leucine uptake by an amino acid 
transporter, such as B 0 , Bo,+ or the excitatory amino acid carrier (EAAC1). Alternatively, 
the model equally suggests that the carrier may be a broad substrate specificity dipeptide 
transporter, such as PEPT1, accepting his-complexes ([Leu]-Zn-[Leu]) in the form of 
molecular mimicry (Fig. 1 0). 
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As previously mentioned, although L-leucine is zwitterionic at a neutral pH, its 
carboxyl group may account for complex formation with cations, such as zinc. Also 
shown in the model is the previously characterized 2Na+/H+ exchanger, which has been 
found to accept calcium and zinc ions in place of sodium (Ahearn and Franco, 1990, 
1993; Zhuang et al., 1995; Ahearn, 1996; Ahearn and Zhuang, 1996; Watanabe et 
al., 2005). This exchanger was previously found in crustacean gastrointestinal cells 
(Ahearn and Franco, 1990; Ahearn, 1996) and is likely responsible for the proton 
gradient, which was found to enhance L-leucine uptake. This carrier can also function as 
an antiporter, as depicted in the model. To illustrate the nature of the antiport system, it 
is shown that amino acids and dipeptides may enter the cell via separate carriers and are 
able to exchange on the L-leucine carrier, enabling L-leucine to enter the cell (Figs. 13-
19). 
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Figure 20: Working model of transmural transport of 3H-L-leucine transport across the 
lobster intestine, including depiction of 2Na+/H+ exchanger previously characterized 
(Ahearn and Franco, 1990, 1993; Zhuang et al., 1995; Ahearn, 1996; Ahearn and 
Zhuang, 1996; Watanabe et al., 2005). 
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CONCLUSIONS 
It can be concluded that L-leucine uptake is enhanced by luminal ions, such as 
zinc, calcium, sodium, chloride and protons, which have different binding affinities and 
transport velocities largely based on their natural abundance in the lumen. Serosal to 
mucosal L-leucine transport occurs by diffusion and is decreased in the presence of 
serosal zinc, likely due to zinc blocking paracellular channels. Mucosal to serosal L-
leucine transport is carrier mediated and sigmoidal with a Hill coefficient of 
approximately two, which signifies that two L-leucine molecules are transported by the 
apparent carrier. There is a significant net absorptive flux ofL-leucine in the presence of 
zinc, while there is little net flux of the amino acid in the absence of zinc. Summer 
animals display greater zinc-stimulated net L-leucine flux than do spring animals. Trans-
stimulation seems to play a role in L-leucine transport, in which GLY-SAR, L-histidine, 
L-cysteine, and unlabelled L-leucine may enhance 3H-L-leucine uptake by exchange, 
which indicates that the transporter accepts a broad specificity of substrates. 
These findings support the possibility ofbis-complex formation ([Leu]-Zn-[Leu]) 
between zinc and L-leucine which may act as a suitable substrate for a PEPTl-like 
transport system. Alternatively, these findings may support the possibility of an amino 
acid L-leucine carrier, such as EAACl, B0 -type, or l-type. To conclude, the possible 
carrier systems for L-leucine presented here cannot be conclusively identified without 
additional investigation, and involvement of molecular studies may be one way to 
provide the important data needed to extend and support the experiments presented here. 
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